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Abstract  12 
Currently over 80% of wastewater generated globally, is discharged into surface waters without 13 
adequate treatment. Major environmental and public health risks associated with such releases 14 
are particularly prevalent in developing countries where the infrastructure and financing for 15 
effective treatment is lacking. Novel low cost integrated wastewater treatment and biorefinery 16 
processes could provide a sustainable solution. This study investigated, for the first time, the 17 
feasibility of simultaneous wastewater treatment and bioethanol production in non-sterile, het-18 
erotrophic bioreactors using either microalgae, wild yeast, or a co-culture of microalgae and 19 
wild yeast. Scenedesmus sp. are known to achieve high biomass concentrations under sterile 20 
heterotrophic conditions. However, under the non-sterile conditions proposed, relatively low 21 
nutrient removal rates (60% nitrate, 53% total ammonia nitrogen (TAN) and 46% orthophos-22 
phate) and biomass yields (0.98 ± 0.10 g/L) were achieved. Wastewater grown microalgae and 23 
yeast co-cultures achieved high nutrient removal rates (96% nitrate, 100% TAN and 93% or-24 
thophosphate). Wastewater grown yeast cultures produced consistently promising results, 25 
achieving high biomass concentrations of 3.7±0.1 and 4.2±0.1 g/L along with 100% nitrate, 26 
100% TAN and 92.6% orthophosphate removal. Yeast provided the additional advantage of 27 
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aerobic fermentation, possibly allowing integrated wastewater treatment and bioethanol pro-28 
duction.  29 
Keywords: Wild yeast, Sewage treatment, Non-sterile microalgae growth, Nitrate removal, 30 
Phosphorous removal, Crabtree positive yeast 31 
 32 
1. Introduction  33 
Inadequate sewage treatment and its negative effects on health, economy and the environment 34 
is a major challenge for developing countries. Although representative data on the global gen-35 
eration, collection and treatment of wastewater is not well published; The United Nations, 2017 36 
[1] estimate that over 80% of all collected wastewater is discharged without adequate treat-37 
ment. The release of untreated water is particularly prevalent in developing countries where 38 
infrastructure, technical resources and financing for effective treatment is lacking. Such is the 39 
case in Mexico, where only 47.5% and 28.8% of municipal and industrial wastewater were 40 
treated in 2012 [2]. In an attempt to resolve this, a nation-wide water program was established 41 
to improve access to high quality drinking water. The program aims to prioritise individuals 42 
within the most vulnerable populations through the modernisation of wastewater treatment 43 
plants [2]. However, the high cost of operating wastewater treatment plants has hindered pro-44 
gress to date. The adoption of novel technologies that generate revenue from the waste could 45 
provide a sustainable solution. 46 
  47 
Since the 1950’s, there has been great interest in microalgae wastewater treatment. Microalgae 48 
are a diverse group of unicellular microorganisms that efficiently convert inorganic carbon into 49 
biomass via photosynthesis whilst consuming nutrients such as nitrates and phosphates. They 50 
thrive in a range of environments including wastewater and the resulting microalgal lipids, 51 
carbohydrates and proteins provide feedstocks for biodiesel, bioethanol, bioplastic or industrial 52 
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pigment products [3]. Recent studies have concluded that heterotrophic growth has the poten-53 
tial to overcome some of the major challenges associated with autotrophic cultivation in high 54 
rate algal ponds. Unlike autotrophic growth, heterotrophic systems are not limited by light pen-55 
etration or local weather conditions meaning higher productivities and biomass concentrations 56 
can be achieved all year round at large scale. In addition, growth can be carried out in practi-57 
cally any fermenter eliminating the need for large land areas [3].  Although the ability to switch 58 
nutritional mode based on substrate availability and light conditions is limited to relatively few 59 
microalgae species, Scenedesmus sp. has been successfully grown under heterotrophic condi-60 
tions,  achieving a maximum biomass concentration of 3.46 g/L [4], in six days when supple-61 
mented with 10 g/L of glucose. However, these results along with many others reported in 62 
literature were obtained from microalgae cultivated under sterile conditions. Under non-sterile 63 
heterotrophic conditions, it has been reported that microalgae are unable to compete with other 64 
microorganisms such as bacteria and yeast in the culture medium due to their inferior glucose 65 
assimilation efficiency [5]. Two microalgae strains, Chlorella protothecoides and Chlamydo-66 
monas acidophila were unable to compete with neutral and acidic bacteria, respectively, in 67 
wastewater supplemented with a range of glucose concentrations up to 10 g/L [5]. This suggests 68 
a sterilisation process such as autoclaving or microfiltration would be required to achieve suf-69 
ficient sterility for successful heterotrophic microalgae growth in municipal wastewater. As 70 
autoclaving is an energy intensive process the high associated costs would render the process 71 
economically infeasible. 72 
 73 
Whilst yeast have wide spread applications in the brewing, baking and pharmaceutical indus-74 
tries; their application in the wastewater treatment industry has not been fully explored possibly 75 
due to the non- sterile conditions. Despite this, phosphorus typically makes up 3-5% of a yeast 76 
cell’s dry weight [6] significantly greater than the typical content of 0.87% for microalgae [7]. 77 
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The nitrogen content of yeast is also higher at 10% [6] compared to around 6% for microalgae 78 
[7]. This suggests that yeast may be capable of removing, compared to microalgae, a greater 79 
proportion of the nutrients from wastewater. Yeast also present the major advantage of good 80 
settling and dewatering properties allowing cost effective removal of biomass. Traditional 81 
wastewater treatment plants (WWTP) use activated sludge to remove organic matter. Yeast 82 
provide the unique advantage of simultaneous chemical oxygen demand (COD) and nutrient 83 
removal. A study by Lim, Kim and Hwang [8] found that yeast were able to reduce the COD 84 
of industrial wastewater by 70% in 6.3 hours,. The dual application of yeast to remove organic 85 
matter from municipal wastewater and eliminate the need for additional nutrient removal steps, 86 
could minimise operational costs associated with wastewater treatment. Whilst the capability 87 
of yeast to dramatically reduce the organic load of industrial wastewaters has been reported, 88 
the feasibility of combined COD and nutrient removal by yeast has not been explored. Follow-89 
ing wastewater treatment, residual yeast biomass could be utilised for bioethanol production. 90 
Bioethanol is the most widely used biofuel owing to its ability to greatly reduce crude oil con-91 
sumption and atmospheric pollution. Inoculum preparation for corn ethanol production typi-92 
cally requires additional fermentable sugars typically derived from the food crop. Hence, the 93 
use of yeast cells produced during wastewater treatment for ethanol biosynthesis would reduce 94 
the food crop requirements. Furthermore, the use of treated wastewater effluent would elimi-95 
nate the need for fresh water for bioethanol production as shown in Ramchandran, Singh, Ra-96 
jagopalan  and Strathmann [9]. Synergically, the economic feasibility of large-scale wastewater 97 
treatment would be improved through the generation of a valuable bioethanol product. How-98 
ever, as the capability of yeast to both successfully treat wastewater and produce high quality 99 
bioethanol has not been investigated, further research is required.  100 
 101 
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Interest is emerging in the use of combined symbiotic microalgae and yeast cultivations for 102 
improved integrated wastewater treatment and biofuel production [10-12]. Microalgae generate 103 
oxygen which is utilised by yeast to assimilate carbon substrates, the yeast subsequently release 104 
CO2 promoting microalgal photosynthesis. As the negative charge of microalgal cells prevents 105 
self-flocculation, a costly and/or energy intensive flocculation step is required to recover valu-106 
able biomass. Fungal species which possess effective flocculation properties have been found 107 
to effectively trap microalgae cells aiding biomass recovery [13]. Iasimone, Zuccaro, D'Oriano, 108 
Franci, Galdiero, Pirozzi, De Felice and Pirozzi [11], found a mixture of an oleaginous yeast 109 
strain, Lipomyces starkeyi, and the native wastewater microalga, Scenedesmus sp. and Chlo-110 
rella sp. reduced the lag phase associated with microalgae growth by three days compared to 111 
the microalgae alone. This was attributed to CO2 enrichment resulting from yeast respiration. 112 
Alkalinisation during microalgae growth increased the pH of the culture medium to 10.9 which 113 
had beneficial antibacterial and antifungal effects leading to a predominantly microalgal cul-114 
ture after 14 days of cultivation. Although biomass and lipid productivity increased, the final 115 
biomass and lipid concentrations were around 300 and 45mg/L, respectively. As a result of the 116 
aforementioned high costs associated with the running of raceway ponds, such yields are likely 117 
to be insufficient for sustainable combined wastewater treatment and biodiesel production. The 118 
cultivation of a mixture of the microalgae and yeast strains, Chlorella vulgaris and Yarrowia 119 
lipolytica by Qin, Wei, Wang and Alam [12], achieved significantly higher biomass and lipid 120 
yields of up to 1.53 g/L and 187 mg/L, respectively. However, synthetic wastewater and an 121 
energy intensive sterilisation process were employed.  122 
 123 
The aim of this study was to investigate, for the first time, the feasibility of novel non-sterile 124 
integrated municipal wastewater treatment combined with bioethanol production for improved 125 
sustainability. Both, microalgae (mostly Scenedesmus sp.) and a consortium of yeast isolated 126 
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from municipal wastewater were grown under non-sterile heterotrophic conditions. The effec-127 
tivity of co-cultivation or single strain cultivation was assessed in terms of strain growth, COD 128 
and nutrient removal during wastewater treatment.  129 
 130 
2. Materials and methods 131 
Several wastewater treatment processes were studied using wild yeast and microalgae. Cultures 132 
were tested under non-sterile heterotrophic conditions to evaluate wastewater treatment and the 133 
simultaneous production of high value biomass. Three systems were investigated sequentially 134 
in batch bioreactors (Table 2): 1) Cultures with a predominance of microalgae; 2) Co-cultures 135 
of microalgae and wild yeast; 3) Cultures with a predominance of wild yeast.  Nutrient removal 136 
efficiency and biomass accumulation were monitored for each of the aforementioned culture 137 
systems over a period of eight days.   138 
 139 
2.1. Wastewater preparation and characterisation  140 
Municipal wastewater provided the culture medium in all bioreactors, this was collected from 141 
the effluent of a treatment plant located on the central campus of the Universidad Nacional 142 
Autónoma de Mexico. Prior to collection, the wastewater underwent primary and secondary 143 
treatment. This involved two sequential bio-towers, in the first organic matter was removed 144 
whilst in the second partial nitrification was performed to reduce the organic load.  145 
 146 
Culture medium preparation involved the filtration of wastewater samples on site to remove 147 
large suspended solids using a filter with an 8µm pore size. The filtered samples were then 148 
stored at 4°C in 20L high density polyethylene (HDPE) containers until use. As the initial 149 
concentration of nutrients varied depending on collection time, samples of the filtered 150 
wastewater were characterised according to the following standard methods. 151 
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 152 
Nitrate and orthophosphate concentrations were measured using the HACH® cadmium reduc-153 
tion and amino acid methods, respectively [14], whilst COD was monitored using the HACH® 154 
reactor digestion method [14]. To avoid interference, due to the colorimetric nature of the 155 
method, each sample was filtered using a Whatman® GF/A glass fibre filter with a 1.6 m 156 
pore size prior to the addition of reagents and measurement using a HACH® DR3900 Spectro-157 
photometer. Total ammonia nitrogen (TAN) concentration was determined using a modified 158 
Total Kjeldahl Nitrogen (TKN) method [15] using a BÜCHI B-324 Distillation Unit. In aque-159 
ous solution, ammonia exists as an equilibrium of its two principal forms, unionised ammonia 160 
(NH3) and ammonium ions (NH4+). The relative concentrations of these depend on temperature 161 
and pH. TAN was given by the sum of the NH3 and NH4+ concentrations. The standard TKN 162 
method quantifies both inorganic and organic nitrogen. Both microalgae and yeast are rich in 163 
organic nitrogen which could lead to false positive results. It was therefore necessary to omit 164 
the organic nitrogen digestion step to facilitate measurement of the TAN concentration.  165 
 166 
Finally, the carbohydrate concentration was monitored using the phenol-sulphuric acid method 167 
[16]. A HACH® DR3900 Spectrophotometer was used to measure absorbance at 490nm; and 168 
concentrations were determined from a calibration curve produced using known concentrations 169 
of glucose. Filtration of the sample using a Whatman® GF/A glass fibre filter with a 1.6m 170 
pore size was also performed prior to reagent addition to remove cells containing internal car-171 
bohydrates and ensure the concentration corresponded to that of the culture medium. Summary 172 
of wastewater characteristics obtained from four wastewater samples collected over an eight 173 
week period are shown in Table 1. 174 
  175 
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Table 1: Characterisation of municipal wastewater culture medium. Values shown are mean values ± standard 176 
deviation obtained for four samples collected over an eight week period. 177 
Parameter Value 
Nitrate Concentration (mg/L) 15.0 ± 4.9 
Orthophosphate Concentration (mg/L) 67.5 ± 19.5 
TAN Concentration (mg/L) 133.1 ± 13.9 
Chemical Oxygen Demand (COD) (mg/L) 95 ± 24.7 
Total Suspended Solids (TSS) (mg/L) 47.9 ± 35.8 
pH 7.5 
Carbohydrates (mg/L) 5.7 ± 3.9 
 178 
2.2. Experimental setup and analytical procedure 179 
Wastewater treatment performance in each of the culture systems (Table 2) was studied in 5L 180 
batch polyethylene terephthalate (PET) bioreactors (L:14 cm; W:12 cm; H: 25 cm) wrapped in 181 
aluminium foil to maintain heterotrophic conditions with a working volume of 60%. Air was 182 
supplied continuously using an ELITE 802 dual outlet air pump at a rate of 0.5 VVM.  Initial 183 
trials found that an additional carbon source was required to sustain growth. Glucose was se-184 
lected to increase the low COD of municipal wastewater (Table 1) as it is the preferred sugar 185 
for the microorganisms used in this study. Several concentrations between 0 and 10 g/L were 186 
initially investigated and 10 g/L was ultimately chosen for subsequent experiments (Table 2). 187 
Duplicate measurements of nitrate, orthophosphate and, TAN were taken for all experiments. 188 
Biomass concentration was measured as total suspended solids (TSS) following the APHA 189 
2540 D standard method [17], cultures were agitated thoroughly prior to taking the measure-190 
ment to ensure heterogeneity and break up any microbial flocs.  Microscope images were taken 191 
using a Zeiss Axio Lab A1 microscope with a 0.5x camera adapter. Objective values of 63 and 192 
100X, equivalent to total zoom values of 31.5 and 50X, respectively, were used. 193 
  194 
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Table 2 Cultivation systems evaluated for wastewater treatment 195 
Number 
(#) 
Cultivation 
Name  
Starting inoculum 
(concentration) 
Glucose 
(g/L) 
Final 
pH 
Time 
(days) 
# B.E.  
1 Microalgae, 
Batch 1  
Microalgae plus 
wastewater mi-
crobes (total of 0.2 
± 0.02 g/L) 
0-20 
  
7-8 8  2 
2 Microal-
gae/Yeast, 
Batch 1  
Microalgae from 
#1 (0.4 ± 0.03 g/L) 
plus wastewater 
with yeast (0.03 
g/L) giving a total 
of  0.2 g/L (94 
wt% microalgae, 6 
wt% yeast) 
10,20 7 7  3 
3 Yeast, Batch 1 Co-culture from #2 
(1.9 g/L) plus 
wastewater giving 
a total of  0.2 g/L 
10  4-5 8 3 
4 Yeast, Batch 2 Culture from #3 
(3.7 g/L) plus 
wastewater giving 
a total of  0.2 g/L  
10  4-5 8 3 
5 Yeast, Batch 3 Culture from #4 
(4.2 g/L) plus 
wastewater giving 
a total of  0.2 g/L 
10  4-5 2 3 
#BE: Number of biological experimental replicates run in parallel. All cultivations had controls 196 
run in parallel.  197 
 198 
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2.2.1. Microalgae culture preparation  199 
The microalgae used to inoculate the heterotrophic bioreactors were pre-adapted to wastewater 200 
as per [18] using Scenedesmus obliquus (Turpin) Kützing as provided by Instituto Politécnico 201 
Nacional, Mexico City, México. Bioreactors were run as per Table 2, #1 including control 202 
cultures containing just wastewater, without microalgae or glucose. The inoculum fluid was 203 
mixed with filtered wastewater (1:2 v/v) giving each reactor an initial biomass concentration 204 
of 0.2 ± 0.02 g/L. Following inoculation, the cultures contained 15.1 ± 1.3 mg/L nitrates, 81.0 205 
± 0.7 mg/L TAN and 44.2 ± 1.2 mg/L orthophosphates. The pH of each culture was also meas-206 
ured on each of the eight days and volumes of 6N NaOH added, as required to maintain the pH 207 
of the culture medium within the optimal range for microalgae between 7 and 8. The results of 208 
this first investigation indicated that a concentration of 10 g/L glucose was optimal for biomass 209 
production.  210 
 211 
2.2.2. Microalgae and yeast co-culture preparation  212 
Concentrated microalgae cultures were used to prepare the inoculum for the microalgae and 213 
yeast co-cultures (Table 2, #2) and additional control reactors containing only wastewater sup-214 
plemented with 10g/L of glucose. The cultures resulting from microalgae experiments were 215 
mixed producing a stock culture with 0.4 ± 0.03 g/L of biomass, which was then added to 216 
wastewater containing 0.03 g/L of yeast (1:1 v/v). The resulting cultures had an initial total 217 
biomass concentration of 0.2 g/L (94 wt% microalgae, 6 wt% yeast) along with 66.2 ± 4.9 218 
mg/L nitrates, 76.2 ± 0.3 mg/L TAN and 78.5 ± 1.0 mg/L orthophosphates. The pH of each 219 
culture was measured each day and volumes of 6N NaOH added, as required, to maintain neu-220 
tral pH. Relative microalgae growth was assessed at the end of the fermentations by micros-221 
copy. Cultures were mixed thoroughly to ensure heterogeneity before a series of images were 222 
taken for samples of triplicate bioreactors. The mean number of microalgae cells was calculated 223 
for each of the glucose concentrations studied.     224 
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 225 
2.2.3. Yeast culture preparation  226 
In the third system, biomass resulting from replicate co-cultures was mixed, giving a stock 227 
culture with a TSS concentration of 3.5 g/L. This was then added to wastewater in a 1:14 v/v 228 
inoculum:wastewater ratio. Following inoculation each reactor contained 16.2 ± 1.1 mg/L of 229 
nitrates, 44.5 ± 0.6 mg/L of orthophosphates, 141.2 ± 1.2 mg/L of TAN, 10016 ± 1.9 mg/L of 230 
carbohydrates and 10821 ± 5.3 mg/L of COD.  Each tested batch was run as per Table 2, #3-5, 231 
plus additional control bioreactors containing wastewater supplemented with 10 g/L of glucose. 232 
After the first batch, ethanol concentration was monitored in subsequent batches and this was 233 
achieved by distillation using a BÜCHI B-324 Distillation Unit following the manufacturer’s 234 
instructions [19]. 235 
 236 
2.3. Statistical analysis  237 
Statistical analysis was performed using Minitab 17 statistical software and MATLAB R2017a. 238 
T-tests were performed in Minitab® using a significance level of 0.05 to analyse and compare 239 
results from different parallel batches. The null hypothesis considered that there was no signif-240 
icant difference between the cultures, hence if p ≤ 0.05 the null hypothesis was rejected. The 241 
wastewater composition varied depending on time of collection. A test for equal variance was 242 
therefore performed using Minitab to assess the repeatability of yeast growth between batches 243 
of replicates. Linear regression was also performed using MATLAB by plotting results of the 244 
first batch against those of the second batch. The resulting R2 values for biomass, orthophos-245 
phate, carbohydrate and TAN were 0.9535, 0.9842, 0.9979 and 0.987 respectively indicating a 246 
high level of repeatability between batches.  247 
 248 
2.4. Yeast identification: DNA extraction, sequencing methods and analysis  249 
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Dried samples of microalgae and yeast co-cultures underwent DNA extraction. 200 mg of dried 250 
sample was weighed into a Lysing Matirx E tube and hydrated with 300 L of molecular-grade 251 
H2O. DNA was then extracted using the FastDNA Spin Kit for Soil (MP Biomedicals, USA) 252 
as per the manufacturer’s instructions. Extracted DNA was subsequently diluted 1:10 with mo-253 
lecular-grade H2O in order to dilute out any PCR-inhibiting substances that were co-extracted. 254 
Next, diluted template DNA was quantified using a Qubit 3.0 fluorometer using the dsDNA 255 
HS Assay Kit (Life Technologies, USA) according to the manufacturer’s instructions. Diluted 256 
template DNA then underwent PCR targeting the fungal ITS1 region, using the primers ITS1f 257 
(5` – CTTGGTCATTTAGAGGAAGTAA) [20] and ITS2 (5` – 258 
GCTGCGTTCTTCATCGATGC) [21] as per the EMP Protocol [20]. The PCR involved a 10 259 
L reaction comprised of: 9 L of MegaMix Blue (Microzone, UK), which contained taq pol-260 
ymerase, dNTPs, MgCl2–, buffer, and agarose loading dye; 0.25 L of each primer (100 pM 261 
concentration) and; 0.5 L of 1:10 diluted template DNA. PCR conditions were as follows: 262 
Initial denaturation at 94C for 1 minute, followed by 35 cycles of 94C for 30 seconds, 52C 263 
for 30 seconds, and 68C for 30 seconds, and a final elongation step of 68C for 10 minutes. 264 
PCR amplification was performed on a Techne 512 thermocycler. Procedural positive was 265 
DNA from Trichoderma reesei (DSMZ no. 768) and procedural negative was molecular grade 266 
water. Following PCR, amplicon product and fragment size checks were performed by agarose 267 
gel electrophoresis. The agarose gel was comprised of 1 g of agarose (UltraPure, Invitogen, 268 
USA), 99 mL of 1 x TAE (tris-acetate-EDTA) buffer and 1.6 L of ethidium bromide (Bio-269 
Rad, USA). As the MegaMix Blue reagent contained loading dye it was not necessary to add 270 
any additional dye. Marker lanes were loaded with 2.5 L of HyperLadder 50bp (BioLine, 271 
UK), which contained DNA fragments of varying sizes, ranging from 50 bp to 2.1 kbp, to 272 
determine PCR amplicon fragment size. Electrophoresis was performed for 45 minutes at 100 273 
V. Gels were visualised using a UV MultiDoc-It™ Imaging System (UVP, USA).  274 
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 275 
Diluted template DNA was then submitted for sequencing on the Illumina MiSeq platform 276 
(Illumina, USA) at the NUOMICs Group (Northumbria University, UK). Sequencing was per-277 
formed targeting the fungal ITS1 region following the EMP Protocol [20]. Sequencing pro-278 
duced 255,617 paired-end reads in a demultiplexed FASTQ file. Due to inadequate quality of 279 
the reverse reads, only the forward single-end reads were used in subsequent analysis. Sequenc-280 
ing analysis was performed using DADA2 version 1.12 [22] in R version 3.6.0 [23]. Sequences 281 
were trimmed at the 5` by 30 nucleotides (nt) with no truncation at the 3` ends, maximum 282 
expected error set to three, and all other options at default. After chimera detection, a total of 283 
19 amplicon sequence variants (ASVs) were identified from 208,584 reads. ASV representa-284 
tive sequences were classified taxonomy using the UNITE 8.0 [24] reference database general 285 
FASTA in DADA2. Taxonomic bar plot was generated using PhyloSeq [25].  286 
 287 
3. Results and Discussion  288 
Overall, under non-sterile and heterotrophic conditions, microalgae cultures achieved signifi-289 
cantly lower levels of nutrient removal than the microalgae/yeast or yeast cultures (Figures 1, 290 
2 and 4). The COD in wastewater alone (Table 1) produced very low levels of biomass for all 291 
cultivations, however, the addition of up to 10 g/L of glucose maximised both biomass yields 292 
and nutrient removal. Although glucose was employed to increase the COD loads, a real appli-293 
cation of this technology would envisage the use of organic food waste or wastewater with 294 
higher COD loads. Simple sugars such as glucose and fructose needed for heterotrophic 295 
growth, could be derived from pre-treating organics via saccharification. Mexico City alone 296 
generates 12,500 tonnes of municipal solid wastes a day, 50% of which is organic [26]. In 297 
addition to municipal waste, a vast amount of industrial organic waste is produced in the coun-298 
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try. Agave is grown extensively in Mexico and is used in tequila production, the residue pro-299 
duced from the process is agave bagasse, 352,200 tonnes of which is generated by the industry 300 
per year [27]. The refining of sugarcane, another major crop grown throughout Mexico, also 301 
generates 15 million tonnes of organic residue annually [27].  Despite the requirement of an 302 
additional carbon source, all heterotrophic systems in this study provided substantial improve-303 
ments in wastewater treatment performance and a fourfold reduction in cultivation time com-304 
pared to autotrophic microalgae treatment of wastewater of the same source [28]. Heterotrophic 305 
microalgae biomass yields, when using 10 g/L of glucose, were lower than yeast biomass 306 
yields, under non-sterile conditions (Figures 1, 2 and 4).  307 
 308 
3.1. Microalgae cultivation performance in wastewater 309 
Cultures supplemented with 10g/L of glucose attained the highest mean biomass concentration 310 
of 0.98 ± 0.10 g/L as shown in Figure 1B. Resulting p-values from comparing TSS produced 311 
in 1, 5 and 10 g/L of glucose to 0 g/L of glucose were 0.46, 0.11 and 0.04, respectively. It can 312 
therefore be inferred that only 10 g/L of glucose was sufficient to produce a significant increase 313 
in TSS concentration compared to wastewater alone. Wastewater treatment performance was 314 
also greatest in cultures supplemented with 10g/L of glucose achieving mean nitrate, TAN and 315 
orthophosphate removals of 60, 53 and 46% respectively as shown in Figure 1A. However, this 316 
is considerably lower than the minimum reductions in total nitrogen and phosphate concentra-317 
tions of 70 and 80% required to meet the standards outlined in the European Urban Wastewater 318 
Treatment Directive [29]. The maximum biomass concentration of 0.98 ± 0.1 g/L was signifi-319 
cantly lower than the 3.46 g/L reported in literature for Scenedesmus sp. supplemented with 10 320 
g/L of glucose [4]. This is likely due to the use of non-sterile wastewater in this work, which 321 
could have resulted in excess bacterial growth. As bacterial cells are typically smaller than 322 
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microalgae, several could pass through with the bulk fluid rather than being retained by the 323 
1.6m filters used during the TSS analysis.  324 
325 
Figure 1: Microalgae cultivation in wastewater. (A) Plot of mean experimental nutrient (nitrate, TAN and ortho-326 
phosphate) concentration ± standard deviation for microalgae cultures supplemented with 10 g/L of glucose. (B) 327 
Plot of mean experimental TSS concentration ± standard deviation for microalgae cultures supplemented with 0, 328 
1, 5 or 10 g/L of glucose. Measurement at day six for 1 g/L glucose does not follow the general trend and may 329 
have been affected by sampling. Control reactors contained inoculum and wastewater only (0 g/L glucose). TSS 330 
concentrations reported, correspond to the microalgae dry weight. Biological experiments were run in triplicate. 331 
 332 
3.2. Microalgae and yeast co-cultivation performance in wastewater   333 
The microalgae and yeast co-cultures supplemented with 10 or 20 g/L of glucose showed a 334 
high level of nutrient removal achieving 91 and 94% orthophosphate, 93 and 97% nitrate and 335 
93 and 95% TAN removal in three days, respectively. After a further four days of culture, TAN 336 
was undetectable in all cultures indicating 100% removal. Nitrate concentration decreased 337 
slightly, however, orthophosphate concentration increased. No significant differences between 338 
the two batches were found in the mean TAN (p=0.855, two-tailed t-test), nitrate (p=0.783) 339 
and orthophosphate (p=0.974) concentrations. It can therefore be concluded that doubling the 340 
initial glucose concentration resulted in no significant improvement in nutrient removal. The 341 
total biomass concentration at the end of the cultivations were 1.85±0.26 to 2.74±0.43g/L for 342 
the 10 and 20 g/L cultures respectively. However, microscopic analysis of the resulting cultures 343 
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revealed that the higher glucose concentration favoured yeast and bacterial growth and the 344 
mean number of microalgae cells present was 18% lower in the 20 g/L cultures. As a result 345 
increasing the glucose concentration is unlikely to improve microalgae yields. Hence, a glucose 346 
concentration of 10 g/L was selected for subsequent growth experiments. Results for this 10g/L 347 
batch, summarised in Figure 2, show that between the first and second days, there was an in-348 
crease in nitrate concentration from 48.5 ± 5.0 to 70.4 ± 9.8 mg/L. This is likely the result of 349 
nitrification by the nitrifying bacteria present in the WWTP effluent. Nitrifying bacteria are 350 
chemolithoautotrophic organisms meaning they gain their energy through the oxidation of in-351 
organic nitrogen sources using CO2 as a carbon source. There are two main types of nitrifying 352 
bacteria used in wastewater treatment. Ammonia oxidising bacteria oxidise ammonia to nitrite 353 
whilst nitrite oxidising bacteria are responsible for the oxidation of nitrite to nitrate. The sig-354 
nificant increase in nitrate observed suggests that both types of bacteria were likely present in 355 
the reactors. Following the increase in nitrate concentration, a 93% decrease was observed in 356 
the subsequent 24 hours. The nitrogen concentration at 4.8 ± 1.2 mg/L was lower than the 6.1 357 
± 2.0 mg/L achieved by the microalgae cultures (Figure 1A) in eight days. It is therefore sus-358 
pected that the significantly higher nitrogen consumption rate observed in the co-cultures could 359 
be associated with yeast growth. This theory is supported by the clear dominance of the yeast 360 
after four days of culture (Figure 3).  361 
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362 
Figure 2: Microalgae/yeast co-cultivation in wastewater.  Plots of experimental nutrient (nitrate, TAN and or-363 
thophosphate) (A), biomass (B) and carbohydrate/COD (C) concentration ± standard deviation for microalgae 364 
and yeast culture supplemented with 10 g/L of glucose and air at a rate of 0.5 VVM. Biological experiments were 365 
run in triplicate 366 
The total yeast and microalgae biomass concentration decreased from 1.3 ± 0.2 to 1.0 ± 0.1 g/L 367 
between days one and two. The poor growth observed may be due to the sub optimal pH con-368 
ditions. Under sterile conditions Scenedesmus obliquus have been found to grow well at pH 5-369 
9, however, optimal performance is observed between pH 7 and 8 [30].   Yeast are able to 370 
tolerate a wide range of pH, however, acidic pH is favourable with growth being slightly re-371 
duced at pH 7 and completely arrested at pH 9 [31]. The pH was measured daily and 6N NaOH 372 
was added to raise pH to neutrality. Between measurements and daily pH adjustments, there 373 
were considerable drops to around pH 5 in all cultures. The large differences in optimal pH of 374 
the two organisms meant that optimal growth of yeast and microalgae in a single reactor may 375 
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not be feasible if a strict control mechanisms in not in place. Figure 3A shows the concentrated 376 
predominantly microalgae inoculum used to prepare the co-cultures. After just four days of 377 
culture the yeast growth became dominant as shown in Figure 3B. The poor microalgae pre-378 
dominance observed may have been the result of lowered pH as a result of excess yeast growth. 379 
The pH dips during growth, are characteristic of fermenting yeasts, such yeasts typically acid-380 
ify their growth medium through a combination of proton pumping during nutrient uptake, 381 
direct organic acid secretion and CO2 evolution and dissolution [32]. Interestingly, the opposite 382 
effect was observed when the non-fermenting yeast Lipomyces starkeyi [11] was cultivated 383 
alongside microalgae in municipal wastewater. In their case, acidification did not occur and the 384 
CO2 product of yeast respiration was utilised in photosynthesis. Although a pH spike promoted 385 
autotropic microalgae growth and complete nutrient removal was achieved in 14 days, biomass 386 
and hence lipid accumulation were low at 300 and 45 mg/L respectively [11].  The hetero-387 
trophic co-cultures in this study achieved comparable wastewater treatment performance and 388 
greater biomass accumulation (1.9 ± 0.3 mg/L) in just seven days. TSS concentrations were 389 
also significantly higher (p value=0.004, two-tail t-test) than that of the wastewater controls 390 
(0.08 ± 0.02 mg/L). 391 
Figure 3: Microscope image of microorganisms in wastewater. Microalgae inoculum (A) and microalgae and 392 
yeast co-culture supplemented with 10g/L of glucose on the fourth day of culture (B) Objective values of 100 and 393 
63X, equivalent to total zoom values of 50 and 31.5X were used in A and B respectively. Red plain arrows indicate 394 
A) B) 
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Scenedesmus sp. whilst the black dotted arrow indicates yeast. Cultures were mixed thoroughly prior to taking 395 
samples for microscopic analysis to ensure heterogeneity. 396 
3.3. Yeast cultivation performance in wastewater 397 
Yeast were found to thrive in the municipal wastewater successfully outcompeting bacteria 398 
under non-sterile heterotrophic conditions and produce consistently high nutrient removal in 399 
line with European standards. Results of the first two batches of triplicate yeast cultures are 400 
summarised in Figure 4. During the first three days of batch 1, 94% TAN, 90% orthophosphate, 401 
40% nitrate, 95% carbohydrate and 50% COD removal was achieved. In the subsequent five 402 
days of culture, the nitrate and TAN concentrations decreased at a slower rate until undetectable 403 
suggesting 100% removal (Figure 4). Nitrate assimilation, a relatively uncommon characteris-404 
tic in yeast, was observed in all yeast cultures. The inability of industrial yeast strains to assim-405 
ilate nitrate could be the reason municipal wastewater treatment using yeast alone is yet to have 406 
been explored in detail. A slight increase in orthophosphate concentration was seen before a 407 
decrease resulting in a final removal of 93%. A final removal of 97% carbohydrates and COD 408 
was also observed following eight days of culture.  409 
 410 
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411 
Figure 4: Yeast cultivation in wastewater. Plots of experimental nutrient (nitrate, TAN and orthophosphate) (A), 412 
biomass (B) and carbohydrate/COD (C) concentration ± standard deviation for yeast batches 1 and 2 cultures 413 
supplemented with 10 g/L of glucose and air at a rate of 0.5 VVM. During batch 2 the ethanol concentration was 414 
also monitored as shown in (C)  415 
The metabolism of yeast is highly dependent on aeration, the nature and concentration of sub-416 
strate and on the type of yeast present. Many yeast strains such as Kluyveromyces marxianus 417 
are Crabtree negative meaning that under aerobic conditions [33], glucose metabolism occurs 418 
via aerobic respiration only and fermentation does not occur. Some yeast strains such as Sac-419 
charomyces cerevisiae, however, are Crabtree positive [34]. This type of yeast typically under-420 
goes two sequential exponential growth phases in glucose-limited cultures [34]. Crabtree pos-421 
itive growth was observed in this study as shown in Figure 4. An exponential growth phase 422 
was observed during the first two days of culture where biomass concentration increased from 423 
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0.2 to 2.1 ± 0.1 g/L as shown in Figure 4B. This was accompanied by a rapid depletion in 424 
nutrients (Figure 4A). During this period glucose is in abundance and the yeast cells derive 425 
their energy from fermentation through the glycolytic pathway producing ethanol and CO2. 426 
The COD is significantly higher than the carbohydrate concentration on day two at 7363 ± 279 427 
compared to 812 ± 103 as shown in Figure 4C. This indicates the presence of another organic 428 
carbon source (e.g. ethanol) not present at the beginning of the culture. Once the glucose supply 429 
has been exhausted, the cells enter a diauxic shift characterised by a short stationary phase 430 
during which the metabolism is switched to aerobic respiration. This can be seen for batch 1 431 
between days two and three in Figure 4B by the slight increase in concentration to 2.4 ± 0.1 432 
g/L. The concentration of carbohydrates decreased from 10012 ± 0.2 to 490 ± 39 mg/L in the 433 
first three days of culture as shown in Figure 4C. A second exponential growth phase occurs 434 
after this point once more than 95% of the glucose in the culture medium had been consumed. 435 
This can be seen by the rise in biomass concentration to 3.3 ± 0.1 g/L on day four in Figure 4B. 436 
Finally, a second stationary phase is reached once the COD had sufficiently depleted to 0.3 ± 437 
0.3 g/L.  In order to validate the theory that the yeast present were in fact Crabtree positive an 438 
additional batch of cultures (batch 2) was ran under the same conditions and ethanol concen-439 
tration was monitored (Figure 4). Despite batch to batch variations in initial nutrient concen-440 
trations due to the nature of the culture medium, a high level of repeatability was observed as 441 
shown in Figure 4A. During batch 2, a peak ethanol concentration of 1750 mg/L occurred on 442 
the second day as shown Figure 4C, only a slight increase from the previous day’s value of 443 
1690 mg/L despite a decrease in carbohydrate concentration of 7145 mg/L. In addition, the 444 
stationary phase of growth cannot be clearly seen in Figure 4B. Carbohydrate concentration 445 
had greatly depleted by day two and exponential growth was seen between days two and four, 446 
suggesting that the diauxic shift and hence peak ethanol concentration may have occurred be-447 
tween the measurements taken on the first and second days.    448 
22 
 
 449 
Further growth experiments were conducted under the same conditions allowing ethanol con-450 
centration to be monitored more accurately as shown in Figure 5. There was a short lag phase 451 
within the first 2.5 hours in which ethanol concentration rose slightly from 0 to 0.3 g/L. Fol-452 
lowing this, the ethanol concentration increased exponentially to 1.6 g/L by hour six. There 453 
was then a much slower increase to the peak value of 2.5 g/L in the subsequent 42 hours.  454 
 455 
Figure 5: Yeast cultivation in wastewater to monitor bioethanol production. Plot of experimental ethanol, bio-456 
mass and carbohydrate concentration for yeast batch 3 cultures supplemented with 10 g/L of glucose. 457 
At the end of the 48 hours the carbohydrate concentration had depleted from 10006 ± 48 to just 458 
266 ± 74 mg/L. In addition, between 30 and 48 hours the biomass concentration increased only 459 
slightly from 2.0 ± 0.1 to 2.3 ± 0.6 g/L suggesting that the cells were in the diauxic phase of 460 
growth as expected. The peak ethanol concentration was 2490 mg/L, corresponding to an eth-461 
anol yield of 25% by weight. This is lower than the literature yield of 32% for yeast grown 462 
aerobically in a sterile medium [34]. One possible cause of the lower than expected yield is the 463 
lack of pH control. Given the initial pH of the wastewater was around neutral which is optimal 464 
for bacteria whereas acidic pH favours yeast growth. By controlling pH in the early stages of 465 
microbial growth, bacterial growth could have been supressed and the availability of glucose 466 
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for ethanol production increased. In addition, increasing the dissolved oxygen concentration 467 
beyond 13% in Saccharomyces cerevisiae cultures has been found to reduce ethanol yields 468 
[35]. Excess aeration of the cultures may have also hindered ethanol production.  469 
Phosphorous in the form of inorganic phosphate is one of the most important metabolites for 470 
all organisms [36]; it is involved in the biosynthesis of many cellular components such as ATP, 471 
nucleic acids, phospholipids and proteins. In the first two yeast batches the mean orthophos-472 
phate concentration depleted rapidly to below 10 mg/L, following this there was an increase to 473 
11.8 ± 1.1 and 10.6 ± 1.4 mg/L in the first and second batches, respectively. The orthophos-474 
phate concentration then decreased to final values of 5.6 ± 0.9 and 8.7 ± 0.7 mg/L at the end of 475 
the eight and seven day batches, respectively. Orthophosphate concentration corresponds to the 476 
concentration of free phosphate (PO43-) ions in the culture medium rather than the total phos-477 
phate content. Studies on yeast cells have shown that regulation of the expression of genes 478 
involved in phosphate metabolism is dependent on the phosphate concentration of the external 479 
medium [36]. The depletion of phosphate from the culture medium can result in up to a 130-480 
fold increase in ectophosphatase activity [36]. Ectophospatases hydrolyse organic phosphates 481 
releasing additional phosphate molecules. This could have caused the slight increases in ortho-482 
phosphate concentration observed in all yeast experiments. 483 
 484 
TAN removal by the yeast was very efficient with over 90% removal in the first three days and 485 
100% removal by the end of the two batches. Nitrification was much less prominent in the 486 
yeast cultures than the equivalent co-cultures. This may have been due to a low pH. The two 487 
commonly used nitrifying bacteria, Nitrosomonas and Nitrobacter perform nitrification over a 488 
pH range of 6.5-10 [37]. The pH of the yeast cultures dropped to around 4.5, significantly lower 489 
than the minimum tolerable pH of 6.5 which is likely to have inhibited nitrification. Also, as 490 
most bacteria thrive at neutral pH, the low pH as a result of acidification by the yeast cells is 491 
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likely to have supressed bacterial growth in the yeast cultures. This is desirable as excess bac-492 
terial growth may hinder nutrient removal and recovery of the yeast cells following treatment. 493 
The yeast presented good flocculation properties following treatment of the wastewater. Fol-494 
lowing cultivation contents of the bioreactors were stored at 4oC for three days prior to yeast 495 
extraction. Within 24 hrs of storage time, bulk sedimentation occurred facilitating 74% sepa-496 
ration of the yeast cells without centrifugation.  497 
 498 
As yeast was found to be present in the municipal wastewater used, reactors containing just 499 
wastewater supplemented with 10 g/L of glucose were monitored to determine the effect of 500 
initial inoculation. The control culture achieved nitrate, TAN and orthophosphate removals of 501 
73, 78 and 86% respectively in seven days. However, in this case the yeast struggled to compete 502 
with bacteria. A two-tailed two-sample t-test detected a significant difference between the 503 
means of the biomass concentrations observed for the inoculated and control cultures (p=0.05). 504 
However, there were no significant differences observed in the TAN (p=0.572), nitrate 505 
(p=0.374) and orthophosphate (p=0.423) removals. Whilst inoculating the cultures did not re-506 
sult in a significant increase in nutrient removal, it did prevent excessive bacterial growth. The 507 
large amount of bacteria present in the control cultures was undesirable as it resulted in a lower 508 
yield of yeast and may hinder cell recovery. As the yeast cells could generate a higher revenue 509 
than low-value bacterial biomass this would also likely reduce the profitability of the process. 510 
The addition of a small amount of yeast to the culture medium (0.2 g/L) resulted in a 175% 511 
increase in final yeast biomass concentration.  512 
 513 
After 48 hours of growth, the mean biomass concentrations of each of the three yeast batches 514 
were 2.1 ± 0.1, 2.8 ± 0.2 and 2.3 ± 0.6 g/L, respectively (Figures 4-5). A test for equal variances 515 
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on the final TSS concentrations of the three batches showed that there was no significant dif-516 
ference (p = 0.881), meaning high reproducibility of yeast yields obtained when using different 517 
batches of non-sterilised wastewater.  518 
 519 
3.4. Yeast identification and use for wastewater treatment 520 
The most abundant fungal taxonomic group identified in ITS sequencing was the Saccharomy-521 
cetes species Barnettomyza californica, which accounted for 45.4 % of the total abundance of 522 
the sample (Figure 6). The Saccharomycetes species Cyberlindnera subsufficiens accounted 523 
for 29.3%, whilst a Candida sp. accounted for 23.5%. Since the Candida sequence did not 524 
classify to species level, a BLAST search of the representative sequence was performed, which 525 
resulted in significant alignments with Scheffersomyces spartinae, Candida thasaenensis, Can-526 
dida gosingica, all with a score of 388 at 80% query coverage and 98.6% identity.  No other 527 
representative sequence accounted for more than 0.1% of abundance. Barnettomyza californica 528 
and Cyberlindnera subsufficiens, the two species which accounted for around 75% of abun-529 
dance are both known to be capable of both glucose fermentation and nitrate assimilation [38]. 530 
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 531 
Figure 6: Yeast Identification. Stacked bar chart of fractional abundance of the three representative sequences 532 
that accounted for 98.2% of the total sequenced community, as derived from DADA2. The size of each section of 533 
the bar reflects the relative fractional abundance of a given representative sequence as a proportion of the total 534 
read count for the three sequences. Red denotes Barnettozyma californica (45.4%); blue denotes Cyberlindnera 535 
subsufficiens (29.3%); beige denotes Candida sp. (23.5%). No other representative sequences accounted for > 536 
0.1% abundance and so were excluded from this figure. 537 
Wild wastewater yeast cultivations present a relatively low cost means of treating municipal 538 
wastewater. With careful selection of the microorganisms present there is potential to greatly 539 
improve yields of the desired biofuel. The use of a non-fermenting nitrate assimilating yeast 540 
such as Lipomyces starkeyi could improve nutrient removal without the acidification effect 541 
associated with fermenting yeasts. This would allow alkaline pH conditions to be maintained 542 
promoting microalgal growth and lipid accumulation. On the other hand, increasing the pro-543 
portion of brewing yeasts in the fermentation medium would maximise bioethanol yields.  544 
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4. Conclusions  545 
An investigation into the performance of novel non-sterile heterotrophic systems to remove 546 
nutrients and organic matter from municipal wastewater has been conducted. Glucose supple-547 
mentation was necessary in this study to deplete nutrients and increase biomass yields, hence 548 
the system proposed could be of interest to the industrial sector providing a sustainable means 549 
of treating wastewaters with high organic loads or pre-treated organic waste. Microalgae were 550 
unable to compete with proliferating microorganisms, achieving relatively low biomass con-551 
centrations along with poor levels of nutrient removal. Co-culturing microalgae with yeast led 552 
to poor yields of both microalgae and yeast mainly due to pH fluctuations, however, excellent 553 
levels of nutrient removal were achieved.  The wild yeast consortium found in the municipal 554 
wastewater produced the most promising results, achieving consistently high biomass concen-555 
trations and nutrient removal rates. Here, nitrate assimilation, a relatively uncommon charac-556 
teristic in yeast, maximised total nitrogen removal in the yeast cultures; and the Crabtree posi-557 
tive metabolism of the wild yeast consortium highlighted the possibility for simultaneous 558 
wastewater treatment and bioethanol production. With this, our study showed the potential for 559 
generating useful yeast biomass and bioethanol whilst achieving wastewater biological treat-560 
ment targets. As the application of the yeast consortium for municipal wastewater treatment is 561 
a novel concept, this study focussed on characterisation and species identification to provide a 562 
foundation for future in-depth optimisation studies.   563 
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